Guest Editorial Introduction to the Focused Section on Electromagnetic Devices for Precision Engineering I. INTRODUCTION

E
LECTROMAGNETIC devices have become more and more important in ultrahigh precision manufacturing, manipulation, and sensing due to their capability to provide large displacement with high positioning resolutions, apply multiaxis forces and torques, possess high bandwidth, and achieve reliability and versatility in applications. With wide availability of permanent magnetic materials and manufacturing technology, many new electromagnetic actuators and sensing elements have been explored in recent years. Applications of these electromagnetic devices have been seen often in micro-and nanomanufacturing, and ultrasensitive biomedical imagining systems. Additionally, these electromagnetic devices play crucial roles as the key components in renewable energy power generators as well as the driving elements of environmentally friendly electrical vehicles. In the realization of these novel electromagnetic devices, it is critical to have new groundbreaking modeling of electromagnetic components, integrated design of electromagnetic components with ultrahigh precision mechanisms, and precision control of the electromagnetic devices.
This "Focused Section on Electromagnetic Devices for Precision Engineering" of the IEEE/ASME TRANSACTIONS ON MECHATRONICS (TMECH) is dedicated to the new advances in modeling, design, analysis, control, and validation of electromagnetic devices for precision engineering. At the initial submission stage, a total number of 46 papers were received for the Focused Section. After going through a rigorous peer-review process with the help from the guest editors and numerous reviewers, 13 papers were invited for resubmission. These resubmitted papers went through a second round of peer view and finally nine papers were accepted and published in this Focused Section. The final papers were selected based on their merits, ingenuity, and relevance to this topic. It is our hope that the articles in this Focused Section can stimulate further research and technology breakthrough in this area as well as open up niche applications.
II. HIGHLIGHTS OF THE FOCUSED SECTION AND OTHER ELECTROMAGNETIC DEVICES PRESENTED IN THE TRANSACTIONS
Electromagnetic devices, such as electromagnetic actuators and sensors, have a long history of development, and are still the main interests of researchers and engineers. The TRANSAC-TIONS archived numerous efforts on developing, validating, and Digital Object Identifier 10.1109/TMECH.2011.2131147 deploying novel electromagnetic actuators, sensors, and systems for a very wide spectrum of applications. In this Editorial, we will highlight important papers related to this topic previously published in the TMECH and also in other journals. At the same time, we give an overview to the nine papers published in this Focused Section. It is interesting to note that in all the papers related to electromagnetic devices in TMECH, of which over 90% are directly related to the actuator design or actuation system design. As actuators are active elements that can produce work for different applications, they are among the main focuses in the engineering systems. In addition to actuators, sensors are also very critical components for feedback control and system integration. Magnetic levitation (maglev) systems, as a very important subtopic of electromagnetic devices, play a crucial role in precision engineering. Hence, the topic order of presentation in this Focused Section is precision actuators, precision sensors, novel maglev systems, and precision control of electromagnetic systems.
A. Precision Electromagnetic Actuators
High-precision motion control at nanometer scale is highly desirable in various industries and scientific applications. Awabdy et al. [1] realized a positioning resolution of ±1 nm along 1-D by incorporating a secondary actuator on a standard linear motion table. This auxiliary device is a voice-coil actuator (VCA) capable of achieving 1-nm resolution at a maximum range of 2 μm. Dario et al. [2] addressed the need by proposing a new electromagnetic wobble micromotor. The actuator has a volume of 1 cm 3 comprising of two wobble micromotors. The micromotor generates a torque of 350 μN·m at each step and a maximum speed of approximately 180 r/min. The application of such microactuators will form the basic components of high-precision micromechatronics system.
Petit et al. [3] proposed an electromagnetic actuator based on the digital principle in order to overcome the power and control challenges faced in the analogical actuators. The prototype has four discrete positions with an overall dimension of 25 cm 2 . It is able to produce 1 mm × 1 mm stroke length at driving current from 3 to 7 A. The advantage of such a digital actuator promises highly repeatable and accurate positions at the ends of each stroke. The byproduct is the sensorless design that simplifies electrical connections and the integration of the actuators in meso-or micromechanical systems for high-precision applications.
In the design of electromagnetic actuators, the description of magnetic field distribution is of paramount importance. Hu et al. [4] addressed this critical design aspect of electromagnetic mechatronic system by offering a cost-effective method in the computation of magnetic field distribution. The approach relaxes the assumptions made from known magnetic structures and calculates the field distribution based on the normal component of the magnetic flux density. Experimental validation was conducted on spherical and circular structures showing good agreement. The ability to reconstruct accurate magnetic field distribution will improve the performance of electromagnetic devices for subsequent implementation.
Hu and Kim [5] realized a high-precision positioner using a novel superimposed concentrated permanent magnet matrix. The device is capable of generating 6-DOF motions with only a single moving part. It comprises of three three-phase linearlevitation motors. Experimental data showed a position resolution of 20 nm with a position noise of 10-nm rms in both x-and y-directions. The positioning error in tracking a 1-μm sinusoidal wave and a 5-μm radius circle was less than 30-nm rms, which demonstrated the positioner's 1-D and 2-D nanoscale positioning capabilities. Another 6-DOF precision magnetic actuator was evolved from Ren et al. [6] in which two self-bearing motors were employed to produce both radial bearing forces and motor torque. An active magnetic bearing was utilized to provide axial support and thus achieves a complete electromagnetic suspension and precision noncontact pointing. Experimental data show that the actuator is able to achieve a high angular resolution of 754 nrad over a large azimuth range of ±45
• . Moving into the class of microelectromagnetic actuator, Komori and Hirakawa [7] developed a linear microactuator based on a new driving method. It composes of a mobile micro platform weighing 0.15 g and permanent magnets at a dimension of 8.5 mm × 8.5 mm × 0.1 mm. The reported maximum displacement was 1.81 mm. An immediate application for this microactuator is the microconveyer system. "Radially biased axial magnetic bearings/motors for precision rotary-axial spindles," I. Usman, M. Paone, K. Smeds, and X. Lu from the University of British Columbia, Vancouver, BC, Canada.
Unlike traditional position holding thrust magnetic bearings, electromagnetic actuators can be advantageously used as both an axial bearing and an in-feed motor in precision machine tools that require only millimeter axial stroke [6] . In particular, active magnetic bearings, which are characterized by contactless support, are very successful in two application classes that are high-speed rotary machines and nanoscanning stages [8] , [9] .
For precision machine tools, a rotary spindle stage for cutting is typically installed on a linear z-stage for axial feeding. This serially stacked machine architecture suffers from stiffness reduction and precision degradation. When the in-feed stroke is at the millimeter level, magnetic bearings can be advantageously used as both a thrust bearing for the rotary spindle and a linear actuator for axial feeding. Indeed, radially biased axial bearing/motors have numerous advantages over other types of electromagnetic actuators, as higher load capacity, lower power dissipation, and smaller required armature. In addition, the coil windings can be moved away from armature pole surfaces to easily accommodate large coils windings for high-force generation.
Radially biased actuators have a fully linear force characteristic over the entire axial stroke. These performances characteristics make them excellent candidates in applications requiring both high-precision and high-load capacity [9] .
This research group then deals with the design and the analysis of radially biased electromagnetic magnetic actuators for precision rotary-axial spindle applications. The overall rotaryaxial spindle design consists of journal bearings for radial support, a brushless motor for rotary driving, and an axial magnetic bearing/actuator. The experiments on a full-sized rotary-axial spindle showed that the radially biased actuator design achieves eight times higher load capacity and 16 times higher force-topower ratio than conventional horseshoe-type thrust bearings. This research group presents a very interesting and novel hexapole 3-D magnetic actuator, wherein six electromagnets and six tip-shaped poles are used to generate magnetic field gradients and to exert noncontact magnetic forces on microscopic magnetic particles to allow back-and-forth actuation in three orthogonal directions. Since the motion of a magnetic particle placed in a magnetic field is inherently unstable without feedback control, additional means that achieve stabilization need to be employed to enable the magnetically propelled particle to act as a force-sensing probe. Two possible approaches have been proposed earlier. First, the magnetic particle is functionalized and anchored to target a biological sample to achieve stabilization [10] , [11] . The actuator together with the functionalized magnetic particle then forms a magnetic tweezers [12] - [14] , which is a simple force applier with an open-loop control, i.e., magnetic forces of desired magnitudes and directions are applied, and the induced motions of the magnetic particles are recorded by suitable measurement methods [15] . Second, an active feedback control is implemented to stabilize the magnetic particle by effectively changing the field potential according to the particle's motion measured in real time using a 3-D particle tracking technique. In this approach, the active feedback control achieves two objectives: 1) to stabilize the magnetically propelled particle; and 2) to rapidly propel the particle within the 3-D workspace to reach target locations and secure the wanted probe-sample engagement.
A multipole magnetic actuator is an over-actuated nonlinear system, wherein the number of input currents is more than that of output force components, and the resulting magnetic force is nonlinearly related to the input currents and has significant spatial heterogeneity. A quadrupole lumped-parameter force model was previously derived for a quadrupole magnetic actuator [16] , and a model-based feedback control law was successfully established to realize stabilization and manipulation of the magnetic particle in a 2-D plane [17] . In this paper, a hexapole analytical model was derived for the 3-D magnetic actuator to accurately characterize the nonlinearity of the magnetic force exerting on the magnetic particle with respect to the applied currents and the position dependency of the magnetic force in the 3-D workspace. The authors then employed the analytical model to explore the force generation capability of the 3-D magnetic actuator. Moreover, a simplified inverse model associated with the lumped-parameter analytical force model was derived to determine the needed input currents that result in the desired magnetic force. Since the number of input currents is six and that of the output force components three, linear constraints among input currents and first-order approximation in spatial distribution were introduced to yield an analytical inverse model. This inverse model lays the foundation for current allocation and facilitates the implementation of feedback linearization. Experimental results in terms of magnetic force, in relation to the stable motion control of a magnetic particle were employed to validate the force model.
As a force applier, the 3-D magnetic actuator can investigate a wide range of biophysical properties, ranging from manipulating biological macromolecules [10] , [11] , [14] , probing cell membranes [12] , [18] , to characterizing intracellular properties [19] - [21] . As a manipulator, it can steer a magnetic particle, serving as a measurement probe, to enable 3-D scanning probe microscopy.
"Bearingless permanent-magnet motor with 4/12 slot-pole ratio for bioreactor stirring applications," T. Reichert, T. Nussbaumer, W. Gruber, and J. W. Kolar from ETH Zurich and Levitronix GmbH, Zurich, Switzerland, and ACCM GmbH, Linz, Austria.
This research group presents the design and prototyping of a bearingless permanent magnet motor with very promising applications in biomedical engineering. The novel topology of the motor consists of an exterior disk-shaped rotor with six pole pairs and a stator with four stator teeth. The six pole pairs consist of twelve permanent magnets that are affixed to the back iron ring of the rotor and magnetized in alternating order. The input currents of the four concentrated stator coils simultaneously produce motor torque to control the speed of the rotor as well as bearing forces to stabilize the 5 remaining DOF. This motor is to be employed in delicate bioreactor processes. As the rotor is magnetically levitated, the motor is free of wear and thus, makes its lifespan long and the maintenance costs low [8] .
Since the rotor has a disk shape, both axial and tilting displacements are stabilized passively by means of attracting reluctance forces [22] , whereas stabilization of the radial displacements in x-and y-directions requires an active feedback control. In this work, the relationship between the motor torque and the drive currents and that between the bearing forces and the input bearing currents are established. It is shown that the resulting torque/force is linearly related to the associated input currents, but its angular position dependent. They are then used to validate the topology of the motor, wherein the required motor torque and bearing forces can be independently realized by adjusting the four input currents.
For the purpose of feedback control, angular and displacement sensors are employed to measure the angular position and radial position of the rotor in real time. The control algorithm uses the radial position of the rotor to determine the required bearing force, and then allocates the four bearing currents according to the angular position of the rotor. It is also shown that the bearing currents do not influence the motor torque. In other words, the required input currents can be examined separately for motor torque and bearing forces, whereas they can be superimposed in the control commands to drive the same set of four coils. This concept of combined coils, i.e., no separate drive and bearing coils, is advantageous in terms of reducing the total required current, and hence, reducing copper losses [23] .
With the topology of the motor, the authors used 3-D finite element method (FEM) analysis to determine the optimal sizing parameters of the motor to achieve two goals: 1) to realize maximal motor torque for performance and 2) to provide adequate bearing forces for stabilization. A prototype was built to validate the design. It uses concentrated, combined windings along with precise current allocation in a feedback control scheme to realize a high-performance bearingless motor in a very compact setup.
B. Precision Electromagnetic Sensors
Electromagnetic sensors are normally used in scenarios requiring the detection of magnetic fields. Sensors based on giant magnetoresistance [24] as well as anisotropic magnetorestrictive effects, and Hall and 3-D Hall sensors [25] have been served for this purpose in many industrial and precision devices applications. In order to precisely measure position and orientations using magnetic sensors, previous efforts require a direct mechanical linkage between the magnetic sensor and the device, such as an encoder enclosure. Due to the development of fast computation and embedded signal processing techniques, it is now possible to use magnetic sensors to measure and analyze the intricate magnetic fields so as to inversely derive the position and orientation in real time.
"Optimization of measuring magnetic fields for position and orientation tracking," W. Fang and H. Son from Nanyang Technological University, Singapore.
In recent years, actuator design is moving into putting multiple-DOF actuation into a single compact device. The development of electromagnetic 3-DOF spherical motors is a good example [56] . Such an actuator requires the design and packaging of multiple permanent magnetic poles and coils along a spherical geometry surface. The most challenging task now is the design of compact sensors capable of detecting multi-DOF motion for feedback control of the actuator. Existing precision position or orientation sensors can detect one-DOF motion only. To use them in multi-DOF systems, it requires additional mechanical structure support to achieve multi-DOF sensing. A laser displacement sensor-based technique to detect 2-DOF-orientation change has developed for such multi-DOF actuator [26] . However, the cost of the laser displacement sensor is too high to realize the wide application of the new actuator system. Hence, there is an urgent requirement for new multi-DOF motion sensor designs.
This paper introduced an interesting method to estimate the relative position and orientation of a magnetic sensor in 3-D space with respect to a cylindrical-shaped permanent magnet in motion. It is known that the 3-D magnetic field of a cylindrical permanent magnet, when rotating about a point in space, measured by a three-axis magnetic sensor at a fixed location forms an ellipsoid. The geometry of the ellipsoid is not only determined by the parameters of the magnet but also by the relative position and orientation between the sensor and the magnet. Thus, with known parameters of the magnet, its orientation and the position can be inversely computed using the magnetic field strength detected by the magnetic sensors. The authors utilize distributed multipole model to accurately characterize magnetic field of a cylindrical-shaped magnet as it is commonly seen in the electromagnetic actuator design. This method provides not only a closed form solution, but also has a very good performance accounting for the shape and size of the physical magnet. A genetic algorithm-based optimization has been used to determine the location and orientation of the sensor to maximize the measurement performance. The simulation and experimental results show the effectiveness of the method along with its ability to characterize the magnetic fields and compute the position/orientation, which offers a number of advantages in real-time measurement and control applications for multi-DOF actuators with multiple moving magnetic poles.
C. Novel Maglev Systems
Maglev is a promising technology in precision-positioning and transportation application. The maglev technology has been demonstrated successfully for nanopositioning applications. Several research groups developed precision positioning devices using this technology. Shan et al. [27] , Holmes et al. [28] , Hajjaji and Ouladsine [29] , and Verma et al. [30] have done pioneering work in high-precision maglev. In the transportation applications, several maglev trains based on superconducting and traditional actuation mechanisms have been designed and tested [31] - [33] . The electromagnetic guiding system found in a maglev train can also be used in magnetic bearings and wind tunnels.
Karutz et al. [37] proposed a concept coined as magnetically levitated two-level motor (ML2M). Essentially, a homopolar bearing unit was separated axially from a multipolar drive unit at two different height levels. With this configuration, the motor torque was increased with high acceleration while still maintaining a compact structure.
The development of precision nanosystems demands for precise manufacturing of nanoparts, and maglev technology provides an avenue for this manipulation at the nanoscale level. Addressing this requirement, Verma et al. [30] proposed a 6-DOF magnetic levitated system that can achieve better than 5-nm resolution with 2-nm rms position noise. It can reach a velocity of 0.5 m/s and an acceleration of 30 m/s 2 . The maximum payload was reported to be 1 kg. Extending the range of the magneticlevitated stage, Kuo et al. [34] discussed on the use of an indirect adaptive-control approach to realize large travel ultraprecision x-y-θ motion. The gathered results demonstrated the superiority in tracking of the indirect adaptive controllers with an error of ±10 nm, over the constant gain robust linear H ∞ -controllers. Chen et al. [35] presented a novel dual-axis repulsive maglev guiding system that is also able to accomplish a larger motion range. The general framework for ultraprecision and large range motion control of magnetic levitated actuation system was summarized by Shan et al. [27] , [36] . Most recently, Choi et al. [70] developed a high-precision dual-servo stage with a magnetically levitated fine stage. A Halbach linear active magnetic bearing (HLAMB) is used for maglev. The HLAMB utilizes permanent magnet arrays and Lorentz coils. The coarse stage has an H-type structure that can carry the fine stage 300 mm × 300 mm along the x-and y-axes. The experiment showed that it has 10-and 15-nm in-position stability in the x-and y-axes, respectively. High-precision positioning systems are vital to a variety of relevant high-tech applications such as: surface IC-photolithography; multimedia home appliances (VCD/DVD players); electronic storage devices [hard disk drives (HDDs)]; and a multitude of scientific equipment (i.e., scanning probe microscopy). In this context, conventional positioning systems are facing severe challenges to achieve both high-resolution and large traveling range, along with additional requirements such as compact design and low-power consumption [38] , [39] . In order to meet these challenges, more advanced positioning systems need to be developed.
In this context, the platform design is generally a tradeoff between resolution and travel range. Therefore, using noncontact forces generated between the carrier and the stationary platform seems to be a better solution in the aforementioned circumstances. Indeed, due to the noncontact property of maglev technology, the resulting system will exhibit some key features such as no friction, no contamination, long life, high speed, low noise, etc. [37] .
This research group proposes an innovative 6-DOF maglevprecision positioner with fluid bearing capable of large motion range. Low-power consumption is achieved by using fluid buoyancy. Due the multiinput and multioutput nature of the developed system with nonnegligible modeling uncertainties, a robust adaptive sliding-mode controller has been developed [40] . The experimental results show that the proposed positioner is effective. Indeed, the positioning performances have reached the sensor resolution limit. This research group has bridged the manipulator and manipulated objects by developing a novel haptic magnetic levitation device (HMLD), consisting of a microslave robot, a macromaster robot, and a teleoperation system. HMLD allows a human operator to control the macroslave robot through manipulating the macromaster haptic robot. Moreover, the perception capability of the environment has been preserved in HMLD as well during the microdomain task operation. In order to improve the perception capability, the authors have used the position-error-based bilateral teleoperation. Hence, the position can be measured using external laser micrometer beams. The authors have analyzed the environment perception capability and the teleoperation, and afterward designed a gain-switching controller for system control. The experiment shows that the microrobot can follow the scaled hand motion with a high precision.
D. Precision Control of Electromagnetic Systems
To realize accurate positioning responses in any motion system, the control algorithm is an important factor on the achievable precision. Mittal and Menq [41] presented a robust nonlinear compensation approach to obtain large travel in magnetic suspension systems. The algorithm for compensation of unmatched uncertainties in feedback-linearized systems based on discrete-time delay control was investigated. Test results show that the controller is able to stabilize the system with an accuracy of ±0.0127 mm and a tracking accuracy of ±0.0381 mm. It was concluded that the algorithm was able to accomplish a large travel range in spite of parameter variation and external disturbances. Jeong and Lee [42] on the other hand explored a time delay controller with state feedback for azimuth motion control of a magnetic suspension system. It was highlighted that the use of the low-pass filter increases the gain and phase margins and decreases the destabilization effect. Case studies supported the claim.
Aghili et al. [43] presented an integrated direct-drive system for high-precision motion control. The torque, motion and feedback aspects were addressed in the work. Empirical data show excellent performance in terms of thermal response, torque ripple, trajectory tracking, torque rejection, and joint stiffness. Chen et al. [44] looked into a learning scheme for low-speed precision tracking control of hybrid electromagnetic motors. The principles of learning control were employed to minimize the torque ripple on low-speed situations. It was observed that the proposed learning control scheme was able to drive tracking error to zero in the presence of unknown ripple dynamics.
Kuo and Menq [45] presented a six-axis magnetic suspension stage for precision motion control. Motion control was achieved via a parameter variation model in conjunction with a reduced order observer to compensate the combined effect of disturbances, modeling errors, and cross coupling. Tests validated the positioning stability and invariant dynamic response within the designated travel volume.
Gan and Cheung [46] developed a precision manufacturing system based on variable reluctance actuation principle. The highlight of the work is that the construction of the directdrive system requires no permanent magnets. Empirical data reveal that the tracking dynamic error is approximately 180 μm with steady error below 20 μm. The work encompasses an effective nonlinear control method based on cascade structure and a nonlinear lookup table, avoiding complex mathematical functions. In the option of using conventional linear motors for high-precision applications, significant efforts have been devoted to solving the difficulties in controlling linear motors. Xu and Yao [47] studied and developed an adaptive robust controller that takes into account the effect of model uncertainties coming from inertia load, friction, force ripples, and external disturbances. This research group proposes cascading modeling and intelligent control design for an electromagnetic guiding system that could be used in a maglev train. The guiding system consists of two EI-type electromagnets facing with each other across a linear guideway. With this guiding system, one lateral DOF of a maglev train can be controlled. The electromagnetic actuation forces were derived, and the electromagnets were modeled with a lumped-parameter electric circuit. The independent power module of the control system contains a pulsewidth modulation amplifier with the buck converter operated in the continuousconduction mode. The gaps between the linear guideway and the two electromagnets are controlled by a microcontroller with a bipolar switching device. The cascade sliding-mode control (SMC) system was derived using the Lyapunov method. This cascade SMC is embedded in a genetic algorithm, and a fuzzylogic controller was also developed based on the membership functions.
The cascade SMC and sliding-mode-based genetic algorithm control systems were first implemented in MATLAB with two simulation results. The authors also constructed a prototype maglev guideway test bed. In this test setup, two EI-type electromagnets are employed along with inductive gap sensors to measure the air gaps. A dual-loop control approach was adopted with the outer loop for the gap control and the inner loop for the current control. Experimental results exhibiting the guiding systems responses to a 2.5-mm step signals were shown in the paper. HDDs are probably the most widely used commercial electromagnetic devices. Traditionally, a VCA with a single servo loop served as the key actuation system to seek and follow the tracks on the magnetic disk. One of the key technological limitations of VCAs is its low bandwidth, which prevents fast positioning of the read-write head thereby limiting its data-access speed. As the track density of an HDD increased dramatically to accommodate more data per unit area than earlier, dual-stage actuators (DSAs) have been introduced since the 1990s [38] , [48] - [51] . In these DSAs, piezoelectric actuators or microelectromechanical systems-based actuators are employed to generate highprecision motions, and recently the piezoelectric actuator has become a workhorse in precision engineering with various applications [52] - [55] .
This research group presents an optimal reset control (ORC) method that can be applied to a DSA in HDDs. The DSA specifically considered in this research consists of a VCA as the coarse-motion stage actuator and a push-pull PZT piezoelectric actuator as the fine-motion stage actuator. One of the technical challenges is that only the sum of the VCA and the PZT actuator outputs are available for the controller. Addressing this problem, the authors developed two ORCs for both the VCA and PZT stages. A performance index is utilized in the controller to convert this problem into a typical optimal control problem. The main contribution of this paper lies in the improvement of the control performance for a DSA in HDDs with fast track seeking. The controller follows a linear design with a fast rise time in the order of a faction of a microsecond, achieving a 40-kHz sampling rate with a real-time digital-signal-processing system. The reset interval was chosen to be twice the sampling period, i.e., 50 μs. With this DSA system, a 2% overshoot was achieved.
"Dynamics compensation and rapid resonance identification in ultrasonic-vibration-assisted microforming system using magnetostrictive actuator," Z. Wang, Q. Zou, L. Faidley, and G.-Y. Kim from Iowa State University, Ames, and Rutgers University, Piscataway, NJ.
By introducing ultrasonic vibration in the microforming process, energy can be effectively reduced and the tool life can be remarkably prolonged. However, the fundamental mechanism of the ultrasonic vibration on the dynamics of the microforming process is still unclear. Moreover, the actuator and controller design method are primitive and far from satisfactory. All these constitute the challenges of microforming systems embedded with ultrasonic vibrations. This research group has developed a mechatronic system to achieve rapid identification and tracking of the resonant frequency during the magnetostrictiveactuator-based microforming process. The experimental case study demonstrates that the ultrasonic vibration amplitudes were sharply decreased across a large frequency range and the computational complexity of online identification is also remarkably reduced as well. In summary, this work clearly demonstrates a very good precision manufacturing applications using electromagnetic devices.
III. FUTURE TRENDS
As prime movers, electromagnetic actuators are going into compact multiple DOF design. The development of electromagnetic 3-DOF spherical actuators is a major milestone for new actuator design using electromagnetism [56] - [58] . Such an actuator can produce 3-DOF rotational motions in a compact ball-joint like structure. The application of such multi-DOF actuators is meant to replace complex actuation systems using serially connected single-DOF actuators and the complex motion and power transmission mechanisms. Other existing and new multi-DOF actuator configurations are in the form of 2-DOF planar actuators [59] and 2-DOF rotary/linear cylindrical actuators.
In addition to position and orientation sensing, highly sensitive sensors capable of detecting very weak magnetic fields have a spectrum of applications ranging from small memory devices to biomedical applications. Among these are sensors based on the magnetoimpedance (MI) effect that is a sensitive realignment of a periodic magnetization in response to an external magnetic field. Devices like MI-effect sensors that have experimentally demonstrated an absolute resolution on the order of 10 −10 T or better [60] offer the potential of high sensitivity at low cost. As MI effects have complex behavior, the design of high-sensitivity MI sensors requires a good understanding of both electrodynamics and micromagnetic effects on the MI. Interest in MI has generated a flurry of research, since the discovery of Giant MI (GMI) effects in amorphous ferromagnetic wires [61] - [63] and thin films [64] with small magnetic fields at relatively low frequencies in the early 1990s. More than 100 promising applications of GMI have been suggested in [65] . A recent study [66] has provided a modeling method of the magnetic field in an MI sensor element and an investigation of the effects of micromagnetic coupling on the MI effect for biomedical applications.
For precision engineering applications, most of the time the actuators are used along with additional structural elements to provide a very high positioning capability, a high force/torque output, or a combination of both for micro-or nanomanufacturing needs. There is a tendency to simplify the structural element design and to pursue a new structural model technique for ease of control. For example, a new dual magnet actuator system, flexure-based electromagnetic linear actuator, employed a new semianalytical technique to model the flexures based on both theoretical and experimental study in a compact form so as to provide a simple linear control model for the actuator system to achieve the simultaneous position and force control for nanoresolution motion. Such an actuation system has been applied to microbiomedical device manufacturing [67] - [69] .
Due to the wide availability of magnetic materials and wellestablished studies in magnetism, research and development efforts in electromagnetic devices, such as actuators, sensors and actuation systems will continue to strive and flourish. Significantly, these devices have strong industrial relevance with existing and new applications demanding for high-precision performance. Nevertheless, they will also find their new roles in the niche industry sectors such as new energy and electrical vehicles.
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